The antibiotic TA of Myxococcus xanthus is a complex macrocyclic polyketide, produced through successive condensations of acetate by a type I PKS (polyketide synthase) mechanism. The genes encoding TA biosynthesis are clustered on a 36 kb DNA fragment, which has been cloned and analysed. The chemical structure of TA and the mechanism by which it is synthesized indicate the need for several post-modification steps, which are introduced into the carbon chain of the polyketide to form the final bioactive molecule. These include the addition of several carbon atoms originating from acetate carbonyl, three C-methylations, O-methylation and a specific hydroxylation. This paper reports the analysis of five genes which are involved in the postmodification of TA. Their functional analysis, by specific gene disruption, suggests that they may be essential for the production of the active antibiotic. The characteristics and organization of the genes suggest that they may be involved in the addition of the carbon atoms which arise from acetate.
INTRODUCTION
Polyketides are a large and highly diverse group of secondary metabolites displaying a broad range of biological activities, some with medical applications. They are synthesized through repetitive condensations of acetate, or propionate, monomers in a similar way to that of fatty acid biosynthesis (Hopwood et al., 1990) . In general, polyketide synthase (PKS) systems are classified into two types. Type I consists of large, multifunctional enzymes, containing a separate site for each condensation, or modification step, also referred to as ' modular PKSs '. Type II PKS systems are made up of individual enzymes in which each catalytic site is used repeatedly during the biosynthetic process. Genetic studies have indicated that the gene organization of functional units and motif patterns of various PKSs are similar (Donadio et al., 1991 ; Donadio & Katz, 1992 ; Malpartida et al., 1987) . Primary structural diversity of polyketides is The EMBL accession number for the sequence reported in this paper is AJ132503.
achieved through the introduction of different thioester primers with varying chain extensions by PKSs. Additional variations can occur in the stereochemistry and the degree by which intermediates are reduced in each condensation step. A different type of diversity can be achieved by the subsequent processing of polyketide chains, such as alkylations, oxidations, O-methylations, glycosylations and cyclizations. Genetic studies of prokaryotic PKSs have focused on Gram-positive bacteria, particularly on actinomycetes, and not much is known about PKSs in other bacteria. Myxobacteria are Gram-negative bacteria that produce a large number of secondary metabolites, including polyketides (Reichenbach & Hofle, 1993) . They are soil micro-organisms, feeding on proteins and peptides, that undergo a complex life cycle which includes cell-to-cell interactions, signalling, myxosporulation and fruiting body formation (Shimkets, 1990) . We have recently studied the biosynthesis of the novel macrolide antibiotic, TA (Fig. 1) , produced by Myxococcus xanthus (Rosenberg et al., 1973) , which inhibits bacterial cell wall synthesis (Zafriri et al., 1981) . It is a unique antibiotic in its ability to adhere avidly to a variety of tissues (Rosenberg et al., 1984) , a property that has been group, synthesized from the precursors acetate, methionine and glycine (Fytlovtich et al., 1982 ; Trowitzsch et al., 1982) .
exploited in a successful preliminary clinical trial for treatment of gingivitis (Manor et al., 1989) . The production of TA and its chemical properties have been studied extensively (Rosenberg et al., 1973 Rosenberg & Varon, 1984 ; Trowitzsch et al., 1982) . It is synthesized from the precursors acetate, methionine and glycine (Fytlovtich et al., 1982) . Genes required for the biosynthesis of TA have been identified by transposon mutagenesis, and several of them were mapped by P1-transduction to a 36 kb region of the bacterial chromosome and shown to be coregulated Varon & Rosenberg, 1996 , Varon et al., 1997 . Several genes involved in TA post-modification and regulation, such as a cytochrome P-450 hydroxylase (Paitan et al., 1999b) and a specific transcription anti-terminator (Paitan et al., 1999c) is produced through a type I PKS mechanism (Paitan et al., 1999a) . The chemical structure of TA, the pattern of precursor incorporation into TA, as studied by NMR, and the type I PKS mechanism by which it is synthesized suggest the existence of several post-modification steps, such as the addition of several carbon atoms that originate from acetate at C-13, C-17 and C-32, a specific hydroxylation at C-20, three C-methylations at C-2, C-4 and C-28, and an O-methylation at C-34 (Fig. 1) . The time and mechanism by which these modifications are introduced into the primary polyketide chain, as well as the enzymes catalysing these reactions, are still unknown. In this study, we report the genetic analysis of five ORFs, all believed to be involved in post-modification steps of TA, and discuss their possible functions. The specific gene disruptions of two ORFs (taB and taF) and the deletion of four ORFs (taC-taF) suggests that these genes are involved in and are probably essential for the production of a biologically active TA.
METHODS
Bacterial strains and plasmids. The M. xanthus strains used in this study were the wild-type strain ER-15 and the TnV mutants ER-1311 and ER-6199, which are blocked in TA production and have been described previously . Escherichia coli TG1 (Bethesda Research Laboratories) and XL-1 Blue MR (Stratagene) were used for cloning and DNA manipulations. A conjugative tagged Tn1000 transposition system was used for the sequencing as described elsewhere (Sedgwick & Morgan, 1994) , using the E. coli strains MH1578 and MH1599. pUC18, pUC19 (Norrander et al., 1983) and SUPERCOS-1 (Stratagene) are E. coli vectors used for both cloning and sequencing. Media and growth conditions. E. coli was grown at 37 mC in Luria broth (LB), or on LB agar, with the appropriate antibiotics (Sambrook et al., 1989) . M. xanthus was grown at 32 mC in 0n5 CTS, 1 CT or CTK medium, as required, or on media solidified with 1n5 % Bacto agar (Difco) as described before Varon et al., 1992) . (Paitan et al., 1999a) . (b) The inserts derived from plasmids pPYT1311/p5 and pPYT6199 (Paitan et al., 1999b) were used as TA-specific probes to identify TAessential genes. (c) Restriction map of the cosmids pPYCC64 and pPYCA111 (Paitan et al., 1999b) . (d) The 4n4 kb HindIII-SphI fragment and the 0n95 kb XhoI-SphI fragment cloned in plasmids pPY10 and pPY11, respectively, used for sequencing, specific gene disruption and the organization of the ORFs in this fragment (grey arrows) and other previously analysed ORFs in the TA cluster (black arrows). Restriction enzymes : S, SalI; X, XhoI ; Bm, BamHI ; Ei, EcoRI ; K, KpnI; H, HindIII ; Bg, BglII.
General DNA procedures. Standard genetic techniques, Southern blot analysis, colony hybridization, plasmid preparations and in vitro DNA manipulations were performed according to published protocols (Sambrook et al., 1989) . Isolation of total DNA from M. xanthus is described elsewhere (Paitan et al., 1998) . Cosmid DNA and DNA templates for sequencing reactions and electroporation were purified by Qiagen columns. Electroporation of M. xanthus was performed as described before (Kashefi & Hartzell, 1995) using a Gene Pulser II (Bio-Rad). Conjugative transposition of Tn1000 for sequencing is described elsewhere (Paitan et al., 1998) . Construction of plasmids for specific gene disruption was achieved by inserting a kanamycin-resistance gene to : (i) pPY11, disrupting the taF gene by replacing an 11 bp SalI-SalI fragment (positions 3891-3902), (ii) pPY10, producing a deletion of four ORFs (taC-taF) by replacing a 2n667 kb SalI-SalI fragment (positions 1235-3902), and (iii) pPY10, disrupting the taB gene by replacing a 249 bp NcoI-NcoI fragment (positions 429-678 ; Fig. 2 ). Preparation of TA-specific probes. DNA extracted from the TnV transposant ER1311 was digested with KpnI (does not restrict TnV), self-ligated and transformed into E. coli TG1, using the transposon-derived kanamycin resistance for selection. The resulting recombinant plasmid, designated pPYT1311\p5, was found to carry a 2n3 kb M. xanthus chromosomal fragment (see Fig. 3b ) and was used as a TA-specific probe together with an 11n2 kb fragment previously obtained as a TA-specific probe from plasmid pPYT6199 (Paitan et al., 1999b) . DNA sequencing and analysis. Automated DNA sequencing was performed on double-stranded DNA templates by the dideoxynucleotide chain-termination method (Sanger et al., 1977) , using an Applied Biosystems model 373A sequencer. Several cosmids, originating from chromosomal regions that were found through gene disruption to be essential for TA production, were analysed further. Inserts from two recombinant cosmids, pPYCC64 and pPYCA111 (Paitan et al., 1999b ; Fig. 3c) , were subcloned into the pUC19 vector. A 4n5 kb fragment was sequenced. Occasional sequence gaps were filled in by direct sequencing, using synthetic oligonucleotide primers. Analysis and assembly of the primary DNA sequence data were carried out using the MacVector 3.5 (International Biotechnologies) and Sequence Navigator (Applied Biosystems) software. Searches of databases for DNA and protein sequence homology were carried out using the  (Altschul et al., 1990) and  (Pearson, 1990) programs. TA production assay and developmental analysis. The production of the antibiotic TA was determined by the disc assay described previously . Fruiting body formation and development were examined on TPM agar medium (10 mM Tris\HCl, 1 mM KH # PO % , 8 mM MgSO % , final pH 7n6, and 1n5 % agar), as described by Kroos et al. (1986) .
RESULTS

Analysis of a M. xanthus DNA fragment encoding genes involved in TA biosynthesis
A library of M. xanthus ER-15, constructed in the cosmid vector SUPERCOS-1, was screened with two specific TA probes (2n3 kb and 11n2 kb fragments, Fig.  3b ) obtained through the cloning of a M. xanthus chromosomal DNA fragment adjacent to the TnV transposons which blocked TA production, in ER1311 and ER6199 Paitan et al., 1999b ; see Methods) . Southern blot analysis of KpnI-digested chromosomal DNA, probed with these specific TA sequences, indicated the presence of identical genomic 2n3 kb and 11n2 kb fragments in ER-15 (data not shown). In strains transposed with TnV, the size of these two fragments increased to 8n3 kb (ER-1311) and 17n2 kb (ER-6199), in line with the size of TnV (6 kb). The cosmids pPYCC64 and pPYCA111 were found, through colony hybridization, to contain the 2n3 kb and the 11n2 kb KpnI fragments, respectively, and were further characterized ( Fig. 3c ; Paitan et al., 1999b) .
The inserts in cosmids pPYCC64 and pPYCA111 were subcloned into pUC19 and two recombinant plasmidspPY10, carrying a HindIII-SphI fragment (4n391 kb), and pPY11, carrying a XhoI-SphI fragment (0n948 kb) -were analysed (Fig. 3d) . The nucleotide sequence of the two fragments was determined, while the sequence 3h to pPY10 was obtained from the cosmid pPYCA111, used as a template, and a synthetic oligonucleotide primer complementing pPY10 sequences. The nucleotide se-
quence of the entire fragment consists of 4513 bp with a GjC content of 66n4 mol %, as expected for M. xanthus DNA. This fragment was found to share significant sequence homology with several genes involved in polyketide biosynthesis, such as the Bacillus subtilis pksG (Albertini et al., 1995 ; Scotti et al., 1993) and many small acyl carrier proteins (ACPs). Computer analysis identified five ORFs, all transcribed in the same direction, which were designated taB, taC, taD, taE and taF sequentially [non-standard gene names used, to conform with previous papers on this system]. The frequencies of GjC base pairs at the third position of each codon in the presumed ORFs were found to be 79n7% (taB), 91n6% (taC), 91n1% (taD), 89n2% (taE) and 90n1% (taF), values which are typical of ORFs originating from an organism with a high percentage of GjC.
Specific gene disruptions
The physiological role of the taB-taF gene products, as well as their involvment in TA biosynthesis, was examined through gene disruptions. A kanamycinresistance gene was inserted into plasmid pPY10 (disrupting taB or producing a deletion of four ORFs, taC-taF)) and plasmid pPY11 (disrupting taF) as described in Methods. The resulting plasmids, pPY11S-Kan, pPY10S-Kan and pPY10Nc-Kan, were isolated from E. coli, linearized and electroporated into M. xanthus ER-15. As pUC19 cannot replicate in M. xanthus, kanamycin-resistant M. xanthus ER-15 colonies should result from integration of the linearized DNA into the chromosome through homologous recombination. M. xanthus transformants were plated on CTK for 5 d and the correct integration into the chromosome was verified by Southern blot analysis in several kanamycin-resistant colonies. Twenty Kan R colonies from each of the transformed strains were monitored for TA production and all of them were blocked in TA biosynthesis, suggesting that both TaB and TaF are involved in the production of biologically active TA. Three mutants, one of each strain, were picked for further analysis of growth, fruiting body formation and development. The growth rates of all mutants were indistinguishable from that of ER-15, indicating that the corresponding proteins are not essential for normal growth or for fatty acid biosynthesis. Moreover, like ER-15, all strains developed to mature fruiting bodies when incubated on TPM agar plates at 30 mC, indicating that proteins encoded by these genes are not essential for the developmental process, or (Albertini et al., 1995) ; (c) comparison of TaC with TaF. The degree of identity between the sequences is indicated as follows : complete identity, vertical bar ; conservative replacement, two dots ; neutral replacement, one dot ; no similarity, no symbol. Numbers at the left and right margins indicate the amino acid position at the beginning and end of each row, respectively. 5 . Alignment of amino acid sequences encompassing the presumed acetylation/condensation site, including the conserved cysteine residues of M. xanthus TaC, TaF (this report), B. subtilis PksG (Albertini et al., 1995) , HMG-CoA synthases (HMCS) from human, chicken and rat (Russ et al., 1992 ; Kattar-Cooley et al., 1990 ; Ayte et al., 1990 ) and the active-site cysteine of the condensing site in E. coli FabH (Tsay et al., 1992) . Boxed letters indicate residues identical in more than four of the seven amino acid sequences. The conserved cysteine residue is arrowed. (Donadio & Katz, 1992) , Sorangium cellulosum Sorphen A (Schupp et al., 1995) , B. subtilis PksX-Acp2 (Albertini et al., 1995) , Streptomyces glaucescens Tcm I-ORF3, Streptomyces violaceoruber Gra-ORF3 (Bibb et al., 1989) , and in fatty acid synthase (FAS) ACPs from Sacch. erythraea, E. coli and Spinacea oleracea (Sherman et al., 1989) . Boxed letters indicate residues identical in more than eight of the nine amino acid sequences.
that their activities can be replaced by other bacterial proteins.
Characterization, identification and deduced function of the ORFs
The results, as summarized in Table 1 and displayed in Figs 4 and 5, indicate that the proteins encoded by taC and taF are acyl enzymes possessing the activities of transacylase and condensing enzymes. This was concluded by the identification of a highly conserved acetylation site containing the conserved cysteine within the active site of condensing enzymes (C-114 in taC and C-77 in taF ; Fig. 5 ), and the high similarity to proteins such as the B. subtilis PksG (Fig. 4a, b) hydroxymethylglutaryl-CoA synthase (HMG-CoA synthetase ; Fig. 5 ) and the β-ketoacyl-ACP synthase III proteins (KAS III, FabH, Fig. 5 ), which are all acyl enzymes possessing these activities. In addition to the highly conserved acetylation site, a second conserved motif, identified in the N-terminal amino acid sequence of both proteins (amino acids 16-24 and 35-43 in TaC and TaF, respectively) is a Myc-type helix-loop-helix, a dimerization domain signature (PDOC00038, PS50075), which is discussed later.
There is also homology between TaC and TaF. The proteins are 47n2 % identical and 55n5 % similar (Fig. 4c) , suggesting that they carry out similar functions in TA biosynthesis, as transacylase\condensing enzymes. The presence of two similar proteins that appear to possess the same activities, together with the gene disruption results (see above), strongly suggests that each protein has a different and specific role in TA biosynthesis.
As summarized in Table 1 and displayed in Fig. 6 , the products of the other two homologous genes, taB and taE, share considerable end-to-end amino acid similarity to many small (" 9 kDa) fatty acid synthase ACPs (Wang & Liu, 1991) and PKS type I and type II ACPs (Fig. 6) . The search for conserved motifs indicates that both proteins contain a conserved active serine residue within a highly conserved amino acid motif (the 4h-phosphopantetheine binding region) found in many ACPs (Fig. 6b) . Like taC and taF, the taB and taE products also share sequence similarity (34n3 % identity and 40n3 % similarity ; Fig. 6 ), implicating them in a similar function as TA-modifying, specific ACPs in the antibiotic biosynthesis ; again the presence of two similar proteins strongly suggests that each protein has a different and specific role in TA biosynthesis.
The taD gene product is similar in amino acid sequence to several cell-surface, membrane-associated proteins. These include : (i) the PII-type membrane-associated proteinase precursor of Lactobacillus paracasei (Q024-70), (ii) the integrin α-E precursor, which is a transmembrane protein involved in cell adhesion and extracellular signalling in mouse (Q60677) and rat (AF020-045), (iii) the histidine protein kinase sensor, HpkY, a transmembrane signal sensor protein of Pseudomonas syringae (AF001355), (iv) the CDO cell surface glycoprotein of Rattus norvegicus (AF004840), and several other membrane-associated proteins. TaD showed 26-28 % identity and 42-45 % similarity to these proteins within a 62-100 amino acid stretch. This homology suggests that TaD could be a membrane\transmem-brane protein, involved in extracellular signalling.
DISCUSSION
In this work, we report the identification of several genes involved in post-modification steps of TA biosynthesis. We have demonstrated through specific gene disruption that functional inactivation of these genes blocks the production of the biologically active antibiotic.
The results indicate that the proteins encoded by taC and taF are homologues ; they were identified as acyl enzymes, as they contain the highly conserved acetylation site, present in many condensing enzymes. The two proteins may therefore share a similar function in the post-modification process of TA. Both TaC and TaF share sequence homology with several proteins, such as members of the HMG-CoA synthetase family, KAS III proteins, including the E. coli 3-oxoacyl-[ACP] synthase III (FabH ; Tsay et al., 1992 ; Fig. 4 ) and proteins of the chalcone synthase family (naringenin-chalcone synthase). Such homologies imply that TaC and TaF possess, similar to KAS III proteins, the activities of both acetyl transacylase and a condensing enzyme. HMGCoA synthetases are a defined class of enzymes, involved in ketogenesis in eukaryotes, condensing acetyl-CoA with acetoacetyl-CoA to form HMG-CoA, which is a substrate of HMG-CoA reductase in cholesterol biosynthesis (Ayte et al., 1990 ; Kattar-Cooley et al., 1990 ; Russ et al., 1992) . The E. coli 3-oxoacyl-[ACP] synthase III protein (FabH ; Tsay et al., 1992) is a member of the KAS III family. FabH mediates the decarboxylative condensation between acetyl-CoA and malonyl-ACP to generate acetoacetyl ACP, and unlike KAS I (FabB) and KAS II (FabF), it is the only condensing enzyme able to utilize CoA thioesters rather than acyl-ACP as the primer in the condensation reaction. FabH displays two activities : one is that of acetyl transacylase, which catalyses the transfer of a 4h-phosphopantetheine moiety from a corresponding coenzyme A to a serine residue, present in the conserved active site of ACPs. The second is that of an acetoacetyl-ACP synthase condensing enzyme (Tsay et al., 1992) . Chalcone synthase enzymes (naringenin-chalcone synthase) are ACPs which catalyse the formation of naringenin-chalcone from malonyl CoA and 4-coumaryl-CoA, which is presumably formed from polyketide intermediates (Durbin et al., 1995) . As shown in Fig. 5 , the region responsible for the acetylation\condensation activities, including the active cysteine, is highly conserved in both TaC and TaF.
The effect of disruption of taF suggests that it is probably required for the production of an active antibiotic. Moreover, the taC gene product does not complement the disrupted taF gene, located downstream of it, in the taF-disrupted mutant. However, it is possible that the block in TA production is the result of a polar effect, of the insertion in taF, on other genes downstream of taF. This possibility is difficult to exclude since there are no self-replicating plasmids in M. xanthus, which could be used for trans-complementation of the disrupted taF. This finding, and the presence of two similar homologous proteins, suggests that TaC and TaF have different and specific roles in TA biosynthesis.
Interestingly, while examining the end-to-end similarities between the deduced proteins encoded by taC, taF and pksG, we observed that the two former proteins are longer than the pksG product, displaying an extension at their N-termini (75 and 38 amino acids, respectively). In both TaC and TaF, a Myc-type helix-loop-helix, a dimerization domain signature, has been identified within the N-terminal amino acid sequence. This motif is absent from the putative PksG, HMG-CoA synthetase, and KAS III proteins. The Myctype helix-loop-helix domain is thought to be a dimerization domain of several eukaryotic transcriptional regulators and DNA binding proteins. In the case of the TaC and TaF, this motif could have a physiological importance, either as a dimerization site, or perhaps as a recognition site for an interacting protein or ligand.
The identification of TaB and TaE as TA-modifying specific ACPs is based on their end-to-end homology to many small (" 9 kDa) ACPs. Furthermore, in both proteins, a presumed active serine residue is present within a highly conserved amino acid motif found in other polyketide-ACPs (the 4h-phosphopantetheine binding motif ; Fig. 6) . A " 9 kDa ACP is a wellcharacterized component of all fatty acid synthase systems and of several PKS systems. The small ACPs found in the TA cluster could act as specific postmodifying enzymes in TA biosynthesis. The exact role(s) of TaB and TaE is as yet unknown, although gene disruption of taB suggests that it may be essential for TA production ; but in-frame deletion of taB needs to be tested for the production of biologically active TA. In addition, the presence of the two ACPs, the effect of gene disruption of taB and the finding that TaE does not complement the disrupted taB suggest that each ACP performs a specific step in TA biosynthesis and probably recognizes a different substrate. This suggestion is supported by a recent study (Ritsema et al., 1998) describing the structure-function relationships of the chimeric protein AcpP-NodF. That study suggested that the N-terminal domain of ACP proteins determines the activity, while the C-terminal part carries a specialized domain for protein recognition. Again, it is possible in the taB taE case that the lack of complementation is the result of a polar effect (of the insertion in taB) on other genes 3h to taB.
Considering the structure of TA, the chemical pattern of type I PKS condensation steps and the pattern of precursor incorporation to TA, as studied by NMR (Rosenberg & Varon, 1984 ; Rosenberg et al., 1982 ; Trowitzsch et al., 1982) , several post-modification steps, including addition of 3 carbon atoms (at C-13, C-17 and C-32) originating from acetate carbon atoms, specific hydroxylation (at C-20), O-methylation (at C-34) and three C-methylations (at C-2, C-4 and C-28) should exist. The identification of taB, taC, taE and taF as two sets of genes (taB-taC and taE-taF) sharing sequence similarity to ACPs and KAS III proteins suggests that they could be involved in the addition of two of the carbon atoms which, as indicated by NMR, originate from acetate (C-32, C-33 and C-34). Their organization further implies a possible coupling of activities, as each ACP synthase (TaC and TaF) probably processes the corresponding ACP (TaB and TaE, respectively). However, further work is required to examine this possibility, as there are no other data from other polyketide systems which display a similar genomic structure. Future analysis of a non-polar disruption of these genes followed by NMR analysis of TA intermediates should resolve the exact functions and the specificities of these proteins.
The most meaningful similarities found between TaD and proteins in the databases were to membraneassociated cell-surface proteins. The inability to assign a function to taD from the sequence analysis may reflect a unique feature of TA as a polyketide. TaD could be involved in TA regulation, or in an as yet unknown physiological role of TA. The partial similarities to several membrane\cell surface-associated proteins, involved in signal transduction, suggest that TaD is likely to be a membrane\transmembrane protein involved in extracellular signalling\sensing related to TA biosynthesis.
In summary, the present study represents the first molecular analysis of genes involved in post-modification of a type I PKS, complex polyketide antibiotic in Gram-negative bacteria. This information should make it possible to compare the Gram-negative systems to the better-characterized polyketide systems of the Grampositive actinomycetes. In addition, it may reveal novel genetic and biochemical features, which could provide the basis for developing new biologically active polyketides using combinatorial genetics.
